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Abstract

NICHE PARTITIONING OF FOOD RESOURCES BY FRESHWATER MUSSELS IN A
MULTISPECIES MUSSEL BED IN THE SABINE RIVER

Marissa Netti

Thesis Chair: Matthew Greenwold, Ph.D.
The University of Texas at Tyler
July 2022

Freshwater mussels (Unionids) are a very diverse group of bivalves, with about 300
species in the United States. Although freshwater mussels are very diverse, they are also
critically endangered and are declining at extremely high rates. In fact, the U.S. Fish and
Wildlife Service proposed excluding eight freshwater mussel species from the Endangered
Species Act (ESA) in 2021 because they went extinct. Mussels play a key role in keeping our
water systems healthy because of their filter feeding method. Filter feeding influences the rest of
the ecosystem through the transfer of energy, cycling of nutrients, and purification of the
surrounding water. Multispecies mussel beds challenge ecological theory which suggests that
multiple species cannot occupy the same niche because of resource competition. This study
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focuses on determining what food resources freshwater mussels consume and evaluate if, and to
what extent, mussel species in a complex, multispecies freshwater mussel bed are partitioning
available food resources. We examined the available food resources using eDNA and the
preferred food resources of four species of freshwater mussels (pistolgrip (Tritogonia verrucose),
yellow sandshell (Lampsilis teres), Texas pigtoe (Fusconaia askewi), and the bluefer (Potamilis
purpuratus)) found in a single mussel bed in the Sabine River (Texas). These species will be
used to address the following questions: 1) Does shell morphology and habitat preference affect
the food resources that freshwater mussels are utilizing; 2) Are tissue and shell coloration of
some mussels related to the algae (pigments) they are utilizing as food resources? Results show
that the pigments of the algae mussels are consuming has likely no relationship to the
colorization of the mussel’s tissue or shell; however, our results did support that the shell
morphology of the mussel can determine if a mussel is a food resource specialist or generalist.
Based on the data presented here and previous habitat data, the pistolgrip can be classified as a
specialist and the yellow sandshell a generalist based on these mussel’s habitat and food resource
preferences. These results support ecological theory that mussels co-exist in the same
environment because they utilize different food resources. Overall, this study aids in our ability
to promote healthy freshwater environments through the management of mussel conservation.
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Chapter One:
Introduction
Ecological Niche Theory

Ecological niche theories, like Gause’s Law, suggest that multiple species cannot occupy
the same niche because of competition of resources, therefore, no two species that are utilizing
the same resources can coexist in the same environment (Finke and Snyder 2008, Pocheville
2015). When multiple species are utilizing the same niche, the resources available become
extremely limited, initiating those species to compete for the resources that are left. This causes
species with higher fitness to outcompete others, driving the less equipped species towards
extinction in that environment. One way that multiple species can thrive in the same niche
without competition is through resource-use differences, also known as niche partitioning (Finke
and Snyder 2008). Several types of resources could be available in one niche including habitat
resources, oxygen, and food resources. The partitioning of different food sources is one of the
most important aspects of niche partitioning (Albrecht and Gotelli 1999). When more than one
species are living in the same environment, they are presented with the same food sources. If
both species are consuming the exact same food resource, that resource will start to decrease and
become limited in the environment resulting in less nutrients available that those species need to
survive. The solution to this is for all the species to partition those available resources by
consuming different food, increasing the coexistence of several species in the same environment.
Freshwater mussels can act as a good study species to test this theory because they live in dense
multispecies assemblages.
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Study Species

The phylum Mollusca is made up of around 200,000 species, making it the best-known
phylum (Haszprunar et al. 2008). Within Mollusca, the Class Bivalvia is made up of organisms
that contain two shell valves held together by a hinge and abductor mussels. Freshwater mussels,
Order Unionidae, are a very diverse group of bivalves, with about 300 species in the United
States and 52 of those species occurring in Texas (Ford et al. 2009). Unionids typically form
dense, multispecies assemblages. They have very limited mobility causing them to stay in the
same habitats for the majority of their lives (Goodding et al. 2019). Because they are sessile
organisms, their feeding mechanism is suspension feeding. This type of feeding can highly
influence the rest of the ecosystem and results in mussels playing a huge role in the community’s
ecology. Mussels can be considered ecosystem engineers because they provide ecosystem
services such as energy transfer, nutrient cycling, and quality habitat availability for other
organisms, making them a key component to river systems worldwide (Vaughn 2017).

Freshwater mussels can be distinguished into two different shell morphologies:
sculptured or unsculptured. Sculptured mussels are covered with tubercles, pustules, and flutings
(Figure 1a) and help the mussel anchor in high flow environments (Gooding et al. 2019, Harris
and Milam 2002, Howells 2014). Unsculptured mussels have a smooth shell (Figure 1b) that
helps them move and burrow quickly (Goodding et al. 2019, Howells 2014). Shell morphology
can determine if the species is a generalist or specialist and where the mussel will thrive in
mussel beds. Sculptured mussels are typically found in rocky substrates, while unsculptured
mussels thrive in a wide range of different substrates (Goodding et al. 2019). Unsculptured
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mussels can be thought of as habitat generalists because they can exploit a variety of different
microhabitats within a mussel bed while sculptured mussels can be thought of as habitat
specialists because they prefer and thrive in one type of microhabitat within the mussel bed
(Goodding et al. 2019).

Goodding et al. (2019) found that the sculptured Texas pistolgrip (Tritogonia verrucose)
and unsculptured yellow sandshell (Lampsilis teres) occupy habitats within different
environmental conditions. The Texas pistolgrip, which is sculptured, is found more frequently in
sites with larger substrate and more turbulent flow, while the yellow sandshell, which is
unsculptured, is found in sites of varying habitat because it is a very motile species allowing it to
burrow through the substrate. This supports the hypothesis that sculptured mussels are habitat
specialists and are associated with higher flow and larger substrate while unsculptured mussels
are habitat generalists and have very little association with different habitat variables (Goodding
et al. 2019).

Food Resources

Freshwater mussels are suspension feeders and feed on a wide variety of food particles
including phytoplankton, zooplankton, rotifers, detritus, and bacteria (Vaughn et al. 2008). They
use a series of cilia to capture food in the water column. The cilia movement provides water
currents inside and outside of the shell which continuously bring freshwater with oxygen and
food particles into the shell (Vaughn et al. 2008). The amount of water that is filtered through a
mussel has been estimated at ~0.5 to 1 L/h (Vaughn et al. 2008). Mussels are known as benthic
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organisms and this feeding mechanism is what links the water column and benthic compartments
in freshwater habitats. The connection of these species’ suspension feeding to the water column
helps keep our water systems clean because of their biofiltration, ultimately improving the whole
ecosystem (Vaughn, 2017).

Raikow and Hamilton (2001) examined bivalve diets and found that mussels feed on a
mixture of bacteria and suspended algae when located in smaller temperate streams. Although
there is evidence that freshwater mussels feed on available bacteria, it is not widely known or
researched which species of bacteria they consume (Vaughn et al. 2008). Many studies have
distinguished what species of phytoplankton are consumed by identification under a microscope
(Faust et al. 2009, Vaughn 2017). Identifying species of bacteria based solely on phenotypes can
be very difficult, therefore bacterial studies usually use DNA sequences for identification
(Freeland 2020). In this study, the identification of food resources consumed by mussel species
will be determined through DNA metabarcoding.

There have been many studies that have found that freshwater bivalves are selective with
their food source based on particle size and quality; however, those studies were primarily
laboratory based under static conditions and not performed with natural environment conditions
(Tran and Ackerman 2019). A study done by Tran and Ackerman (2019) studied how three
freshwater mussel species selectively feed on different taxa of algae under different flow
conditions. They found that the three mussel species selectively fed on different taxa of algae at
different flow rates (Tran and Ackerman 2019). This suggests that mussel species that exploit
different substrates (habitat generalists) of the mussel bed experience different flow conditions,
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which could result in them utilizing different taxa of algae than what is available to habitat
specialists.

Environmental DNA (eDNA)

Environmental DNA (eDNA) consists of the genetic material that is present in
environmental samples such as sediment, water, or air (Ruppert et al. 2019). Environmental
DNA monitoring is a tool that can be used to detect organisms in an aquatic or terrestrial
environment and can be used to assess biodiversity in various ecosystems. For example, a study
by Andruszkiewicz et al. (2017) used eDNA to census marine vertebrates in the Monterey Bay
National Marine Sanctuary. In the past, eDNA samples would be taken manually using a handdriven vacuum pump (Laramie et al. 2015). Smith-Root has now made the process simpler with
the eDNA backpack filtration system (Smith-Root, Washington, USA: https://www.smithroot.com). This new system consists of a portable backpack pump, a pole extension with remote
pump controller, filter housings, and on-board sample storage (Thomas et al. 2018). This
backpack filtration system is designed to increase the efficiency, sterility, and replicability of
aquatic eDNA sampling. The pole extension allows for less risk of sample contamination, for the
sampler does not need to enter the water being sampled (Thomas et al. 2018). Once a sample is
obtained, the eDNA is extracted and sequenced. This DNA can then be used to amplify
barcoding genes and compared to species specific DNA sequences to determine if those species
are found in the focal water system (Goldberg et al. 2011).
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Metabarcoding

DNA Barcoding is a method used to identify species using a short section of DNA from a
phylogenetically informative gene (Freeland 2020). This can be expanded to identifying multiple
different species from one single mixed sample, also known as metabarcoding (Deiner et al.
2017). This technique is used in many different studies, including biodiversity studies. For
example, a previous study used metabarcoding to assess New Zealand’s terrestrial biodiversity
(Holdaway et al. 2017). Metabarcoding is very popular in studies using environmental DNA
(eDNA) where many different species can be identified from a single eDNA sample. This can
tell us what organisms are present in a particular environment (Holdaway et al. 2017). The use of
metabarcoding in this study will allow us to identify all the eukaryotes and bacteria that are
present in an environment.

Study Design
Here, I examine the partitioning of food resources between several freshwater mussel
species that occupy the same environment and seek to understand if and to what extent food
partitioning may be occurring in a constant flowing freshwater river system. I will investigate
both bacteria and algae as food sources in four different mussel species: pistolgrip (Tritogonia
verrucose), yellow sandshell (Lampsilis teres), Texas pigtoe (Fusconaia askewi), and the bluefer
(Potamilis purpuratus). The sculptured pistolgrip and unsculptured yellow sandshell (Figure 1)
were chosen because they were found to represent a habitat specialist (pistolgrip) and habitat
generalist (yellow sandshell) (Gooding et al. 2019). These species will be used to address the
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question: Does shell morphology and habitat preference affect the food resources that the
freshwater mussels are utilizing? The Texas pigtoe and bluefer will be used to answer the
question: Are tissue and shell coloration of some mussels related to the algae (pigments) they are
utilizing as a food resource? The Texas pigtoe shows a red coloring in its tissue, while the
bluefer shows a purple coloring on the inside of its shell (Figure 2). Also, all these species can be
found in abundance in the same mussel beds throughout the Sabine River in East Texas making
them suitable to compare the resources they are utilizing because, in theory, they should all be
exposed to the same available resources and should be partitioning these resources.

The main objective of this study aims to evaluate if, and to what extent, mussel species in
a complex multispecies freshwater mussel bed are partitioning available food resources. We will
also investigate the idea of the sculptured pistolgrip being a food resource specialist (along with
a habitat specialist) and the unsculptured yellow sandshell being a food resource generalist
(along with a habitat generalist). This is accomplished by 1) characterizing the available food
resources in the environment using eDNA; 2) characterizing the available food resources that the
four different mussel species are taking in and consuming; and 3) differentiating the food
resources that the four species of mussels engulf within a single multispecies mussel bed. It is
hypothesized that the four species of mussels can co-exist in the same environment because they
utilize different nutrient sources from the water column. The alternative, null hypothesis, is that
there is no difference in the food the four mussel species are utilizing.
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Chapter Two:

Materials and Methods

Study Area

Sampling took place in the Sabine River located in East Texas. This riverine system has
many mussel beds throughout with multiple different species occupying a single bed. Of the 52
species of freshwater mussels residing in Texas water systems, 18 different species are found in
the Sabine River (Ford et al. 2009). Many of these mussels are morphologically different and are
found in different habitat types; however, can still be found in the same mussel beds because the
beds can have different microhabitats. One mussel bed in the Sabine River may contain both
rocky substrate and sand substrate. Along with multiple species occupying one single mussel bed
in the Sabine River, it is also a highly studied water system, making it an ideal study site for this
research.

This study focused on one mussel bed located off HW-14 in Hawkins Texas (Figure2).
All data was collected from this one mussel bed on September 25th, 2021, from 10:00 AM to
4:00 PM. All data was collected on the same day and from the same mussel bed to assess the
food resources the mussels were utilizing at the same time and place. The collection took place at
the end of September because that is the end of mussel breeding season. This was to ensure that
the stomach contents extracted from the mussels was not contaminated with gonadal fluid.
Another reason for this sampling date was to avoid collection during peak algal bloom season.
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Algal blooms have a positive correlation with temperature (Sanseverino et al. 2016). As the
temperature increases, the growth rate of algae also increases, making the warm summer months
peak algal bloom season (Sanseverino et al. 2016). Waiting until after peak algal bloom season
was a way to evaluate whether limited nutrient sources exacerbates resource partitioning.

Environmental DNA (eDNA) Collection

Environmental DNA was the first to be collected at the mussel bed to make sure the
sampled water was undisturbed. The Smith-Root eDNA backpack filtration system (Smith-Root,
Washington, USA: https://www.smith-root.com) was used for collection with the use of 0.45µl
filters. The backpack was used on the automatic setting to collect a continuous volume of water
until the filter was clogged. This was to ensure that full samples were taken to maximize the
amount of eDNA. There were 12 filter samples taken about 3 meters apart throughout the length
of the mussel bed, starting downstream, then working upstream and over into the middle of the
mussel bed. Removal of the filter was performed using gloved hands. The filter was carefully
detached from the backpack tubing and placed back into the filter bag it came in to preserve the
sample until returning to the lab. Once the samples were in the lab, the filters were removed from
the filter house and placed into a 15mL falcon tube with ethanol for preservation at room
temperature until eDNA extraction.
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Environmental Parameters Collection

All environmental parameters were taken at the mussel bed with the use of a Vernier
LabQuest (Oregon, USA: https://www.vernier.com) and its prospective sensor attachments. This
includes the air temperature, water temperature, dissolved oxygen, turbidity, pH, ammonium,
and conductivity. The width across the river at the mussel bed was measured and the gage height
and stream flow were determined for that day from the USGS website (waterdata.usgs.gov).

Mussel Collection and Extraction of Stomach Contents

The four species of mussels that were utilized for this study were the pistolgrip
(Tritogonia verrucose), yellow sandshell (Lampsilis teres), Texas pigtoe (Fusconaia askewi),
and the bluefer (Potamilis purpuratus). The mussels were taken one by one from the mussel bed
and immediately processed. Once a mussel was found and taken out of the water, the water flow
rate at the exact spot the mussel was taken was recorded using a Marsh-McBirey FLO-MATE
model 2000 (https://www.hach.com) flow meter. The measurements of each mussel were then
taken including the shell height (distance from the umbo to the opposing edge), shell width
(distance between the outside surfaces of closed valves), and shell length (distance from the
shell’s ventral and dorsal margins). Once all measurements were recorded, the mussel’s stomach
contents were collected. This was done using a disposable 20-gauge needle and syringe. The
mussel’s shell was slightly pried open, just enough for the needle to fit inside, and the needle was
inserted through the opening and into the stomach. The stomach contents were then deposited
into pre-prepared microtubes with ethanol for preservation. The mussel was then fully opened,
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and the stomach was examined to ensure all the contents were extracted. After each mussel was
processed, all equipment were sanitized using ethanol. Eight individuals of pistolgrip, yellow
sandshell and Texas pigtoe were collected, and six bluefer individuals were collected. After all
samples were collected, the microtubes containing the stomach contents were placed in a -20°C
freezer until DNA was extracted.

DNA Extraction from Mussel Samples

DNA was extracted from the mussel’s stomach contents using a combination of the
QIAshredder kit (Qiagen, Maryland, USA: https://www.qiagen.com) and the Qiagen DNeasy Kit
(Qiagen, Maryland, USA: https://www.qiagen.com). The protocol from the Qiagen DNeasy kit
was followed with minor changes. All extractions took place under a fume hood to minimize
contamination of the samples.

Day 1 of extractions started with sanitizing the lab bench and fume hood with ethanol.
Each sample was spun down at 7000 RPM for 14 minutes in an eppendorf centrifuge 5420 to
separate the stomach contents into a pellet from the ethanol preservative. The ethanol was
carefully pipetted out of the microtube avoiding the stomach contents pellet at the bottom. Buffer
ATL, proteinase-k, and RNase were added to each sample. Once the solutions were added, the
stomach contents pellet was broken up by pipetting and vortexing. All samples were then
incubated at 56°C in a water bath overnight.

11

Day 2 of the extractions started with sanitizing the same way as day 1 and preparing
microtubes in ultraviolet (UV) light in a VWR UV crosslinker to prevent DNA contamination.
The samples were removed from the water bath and transferred to a QIAshredder spin column.
Each sample was centrifuged at 11,000 RPM for 2 minutes, the lysate was mixed using a pipette,
transferred to a new microtube, and the QIAshredder column was discarded. Buffer AL was
added to each sample, the sample was then immediately vortexed and incubated at 70°C for 10
minutes in a heat block. Ethanol (100%) was then added to each sample, they were vortexed and
then each sample was transferred to a DNeasy spin column. The samples were then centrifuged
at 8000 RPM for 1 minute. Each column was then transferred to a new collection tube,
discarding the old one with the filtrate. AW1 wash was performed twice by adding the AW1 to
each sample, spinning at 8000 RPM for 1 minute and switching the column to a new collection
tube each time. AW2 wash was also done twice by adding the AW2, spinning at 8000 RPM for 1
minute for the first wash, then spinning at 11,000 RPM for 5 minutes for the second wash, again,
switching the columns to a new collection tube each time. Each column was then placed into the
previously prepared UV light treated microtubes, eluted with 30µl of Buffer AE, allowed to
incubate at room temperature for 5 minutes, and then spun at 9000 RPM for 1 minute. The
Buffer AE step was repeated twice (30µl x 2). The columns were then discarded, and the DNA
extracts were stored in a -80°C freezer.

DNA Extraction from eDNA Samples

Environmental DNA was extracted from the 12 eDNA sample filters of each eDNA
sample using the Qiagen DNeasy kit (Qiagen, Maryland, USA: https://www.qiagen.com). A
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modified protocol for extraction was followed from the Goldberg Lab provided by the SmithRoot Company (Smith-Root, Washington, USA: https://www.smith-root.com). All extractions
took place under the fume hood to minimize contamination of the samples. To set up for
extraction day 1, the lab bench and fume hood were sanitized with ethanol and forceps and
scalpels were placed in a falcon tube of 50% bleach/50% DI water mixture for sanitation. Each
filter was processed one by one by removing it from the falcon tube and placing it on a large
weight boat. The filter was cut into fourths with two pieces being placed into one microtube and
the other two into another. The filters were left in the fume hood with the microtubes top open
overnight to evaporate off the ethanol.

Day 2 of extraction started with sanitizing everything the same as day 1. Buffer ATL,
proteinase-k, and RNase were added to each microtube with the filters. Once all solutions were
added, the filters were pushed down into a small pellet at the bottom with the tip of the
micropipette to ensure the full filter was submerged in the solutions. All microtubes were
incubated overnight in a water bath set to 56°C.

At the start of day 3, everything was sanitized again just as in day 1. Empty microtubes
for each filter were prepared by being UV’d while the rest of the extraction took place. The
filters were taken out of the water bath, vortexed, each transferred to a QIAshredder spin column
along with the lysate and centrifuged for 2 minutes at 11,000 RPM. The lysate was mixed with a
pipette and transferred to a new microtube. Buffer AL was added to each sample, they were
vortexed, and then incubated in a heat block for 10 minutes at 70°C. Ethanol (100%) was then
added to each sample, vortexed, and the mixture was added to a DNeasy spin column. The
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mixture from both halves of one full filter were combined at this step. The samples were
centrifuged for 1 minute at 8000 RPM. The spin columns were placed into new collection tubes
and the old ones were discarded. AW1 wash was added to each column and spun at 8000 RPM
for 1 minute. AW1 wash was repeated twice each time moving the column to a new collection
tube and discarding the old tube. AW2 wash was then added to the column and spun at 8000
RPM for 1 minute. AW2 wash was repeated twice with the second round being spun at 11,000
RPM for 5 minutes and moving the column to a new collection tube after each spin. Each spin
column was then placed into a UV light treated microtube that was prepared earlier. The DNA
on the column was eluted with 30µl of Buffer AE, allowed to incubate at room temperature for 5
minutes, and then spun at 9000 RPM for 1 minute. The Buffer AE step was repeated twice (30µl
x 2). The columns were then removed from the microtubes and discarded, and the DNA extract
was stored in a -80°C freezer.

DNA Concentration and Purity Determination

The concentration and purity of each DNA sample was determined using a Thermo
Scientific nanodrop, model 2000 (https://www.thermofisher.com). If the purities of the DNA
were low (under 2), then the DNA sample was processed using a OneStep PCR Inhibitor
Removal Kit from Zymo Research (Irvine, California, USA: https://www.zymoresearch.com).
The protocol for DNA cleanup followed the kit instructions. For each of the four species
sampled, the best six DNA extracts were chosen and utilized for sequencing. For the eDNA
samples, the best six eDNA extracts were also chosen and utilized for sequencing. A total of 30
DNA samples were sent for high-throughput Illumina sequencing.
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Metagenomic Sequencing

DNA sequencing sample preparation and DNA sequencing was performed by Mr. DNA
Sequencing Lab for Metagenomic sequencing (Shallowater, Texas, USA:
https://www.mrdnalab.com). Amplification of the 16S rDNA and 18S rDNA genes were
performed on all 30 samples (6 eDNA, 6 pistolgrip, 6 yellow sandshell, 6 Texas pigtoe, 6
bluefer), which were then sequenced using Illumina paired end sequencing. The primers for
sequencing were chosen from the available primers at Mr. DNA. The forward primer for the 16s
sequencing was 341F and the reverse primer was 805R. The forward primer for the 18s
sequencing was euk1391F and the reverse primer was EukB-Rev. Mr. DNA sequenced 16S
using 250bp paired-end Illumina sequencing and 18S using 150bp paired-end Illumina
sequencing. The 18S gene was used to study the eukaryote diversity and the 16S gene was used
to study photosynthetic eukaryotes and bacteria diversity.

Data Analysis

An ANOVA test (Girden 1992) was performed on the water flowrates that were
measured at each spot a mussel was taken from the Sabine River during sampling. The flowrates
for each species of mussel were grouped together and compared to the other species to determine
if the different species were found at significantly different water velocities than the other
species.
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DNA from the stomach contents of each mussel and the eDNA from each filter were sent
to the MR DNA Sequencing Lab on November 16th, 2021, and the raw sequences were sent back
on December 22nd, 2021 (Shallowater, Texas, USA: https://www.mrdnalab.com). Qiime 2, a
microbiome analysis pipeline that focuses on data and analysis transparency, was used to analyze
the sequencing data (Bolyen et al. 2019). The main steps of the data processing followed the
conceptual overview provided by Qiime2 and went as follows: 1) Quality control and cleaning
sequences; 2) Annotating the sequences and producing sequence counts; 3) Constructing a
phylogeny; and 4) Comparing the diversity between samples using alpha and beta diversity
measures (Bolyen et al. 2019). The data analyses were conducted separately for 18S data and
16S sequences.

The 18S sequencing data was first run through a FASTQ processor to generate Illumina
NGS platforms and create a directory containing fastq files for each individual (Molecular
Research LP, MR DNA, Version 1.1.8125.24140), resulting in demultiplexed files. Those files
were imported into Qiime2 using the import command (qiime tools import) as a Casava 1.8
paired-end demultiplexed fastq input format. The raw data was denoised/declustered using
DADA2 (Callahan et al. 2016) (via q2-dada2) into amplicon sequence variants (ASVs). The
reference database used for creating a unique sequence database, feature table, and taxonomic
assignment was Silva 138 (Quast et al. 2013) downloaded directly from the Qiime2 website
(Bolyen et al. 2019). Taxonomy was assigned using q2-feature-classifier (Bokulich et al., 2018).
The references reads were extracted using the forward and reverse primers from the ASVs (qiime
feature-classifier extract-reads) and the classifier was trained (qiime feature-classifier fitclassifier-naïve-bayes) and tested (qiime feature-classifier classify-sklearn)/ The data was then
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filtered via q2-taxa to remove the Order Unionoida from the taxonomy feature table (qiime taxa
filter-table) and representative sequences (qiime taxa filter-seqs) to exclude mussel DNA. The
classifier was retested with the new filtered table and sequences with no unionoids. The ASVs
were then aligned with MAFFT version 7 (Katoh et al., 2002) (qiime alignment mafft) and
masked (qiime alignment mask). A phylogeny was constructed and rooted using the raxml-rapidbootstrap method (via q2-phylogeny) with 1000 bootstrap replicates, 20 computation threads,
and RAxML version 8 (Stamatakis 2014). An alpha rarefaction plot (Figure 4) was created to
determine the sampling depth (65) for the diversity analyses and alpha (Faith’s Phylogenetic
Diversity) and beta diversity metrics (Unweighted UniFrac Diversity) were computed via q2diversity (Whittaker 1972). Differential abundance analysis was performed between the four
species and eDNA with ANCOM (Mandal et al. 2015) via q2-composition.

The 16S sequences followed the same workflow as the 18s with a couple changes. The
16S raw data was run through a FASTQ processor to generate Illumina NGS platforms and
create a directory containing fastq files for each individual (Molecular Research LP, MR DNA,
Version 1.1.8125.24140), resulting in (Earth Microbiome Project) EMP formatted data. The data
was imported into qiime via q2-tools as EMP paired-end sequences. The data was demultiplexed
via q2-demux and denoised/declustered using DADA2 (Callahan et al. 2016) (via q2-dada2) into
amplicon sequence variants (ASVs). The reference database used for 16S was also Silva 138
(Quast et al. 2013) and the files for the sequences and taxonomy were downloaded directly from
the Qiime2 website (Bolyen et al. 2019). Taxonomy was assigned using q2-feature-classifier
(Bokulich et al. 2018). The references reads were extracted using the forward and reverse
primers from the ASVs (qiime feature-classifier extract-reads) and the classifier was trained
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(qiime feature-classifier fit-classifier-naïve-bayes) and tested (qiime feature-classifier classifysklearn). The 16S data was filtered into two different datasets: 16s with no mitochondria or
chloroplast sequences to isolate only bacterial (and Archaea) sequences and 16S with only
chloroplast sequences to isolate algal sequences via q2-taxa. The bacterial 16S dataset used the
reference sequences from Silva (Quast et al. 2013), while the chloroplast 16S data used
references sequences from both Silva and PhytoRef databases (Decelle et al. 2015). The two
databases were combined via q2-feature-table (qiime feature-table merge-seqs).

From here, all tests were run on both 16S datasets separately. The classifier was retested
with the new filtered tables and sequences. The ASVs were then aligned with MAFFT version 7
(Katoh et al. 2002) (qiime alignment mafft) and masked (qiime alignment mask) and a
phylogeny was constructed and rooted using the raxml-rapid-bootstrap method (via q2phylogeny) with 1000 bootstrap replicates, 20 computation threads, and RAxML version 8
(Stamatakis 2014). An alpha rarefaction plot (Figure 5 and Figure 6) was created to determine
the sampling depth for the diversity analyses and alpha (Faith’s Phylogenetic Diversity) and beta
diversity metrics (Unweighted UniFrac Diversity) were computed via q2-diversity (Whittaker
1972). Differential abundance testing was done between the four species and eDNA with
ANCOM (Mandal et al. 2015) via q2-composition. The 100th percentile differential abundance
results were utilized. Each of the ASVs found significant for the differential abundance on the
bacterial 16S data were grouped to each of the mussel species. A chi-squared test was performed
on these total counts to determine if the number of bacteria each species is utilizing is
significantly different than the total count of other species.

18

An indicator species analysis was also performed on the bacterial 16S dataset. This
analysis was done in R Studio (RStudio Team 2020) with the indicspecies package (De Caceres
and Legendre 2009). This analysis was done to determine if any of the significant ASVs from the
differential abundance results were a unique indicator for one species of mussel which could be
indicative that it is a part of the mussel’s microbiome rather than a food resource the mussel is
utilizing.
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Chapter Three:

Results

Environmental Parameters and Mussel Measurements

On the day of sampling (September 25th, 2020), the water temperature was recorded at
23°C, pH at 6.47, dissolved oxygen at 7.26 mg/L, ammonium at 0.5 mg/L, turbidity at 40.3
NTU, and conductivity at 356 ms/cm. The air temperature was recorded at 18°C at the start of
sampling (10:00 AM) and 29°C at the end of sampling (4:00 PM). The width across the river
was measured from bank to bank and recorded at 16.3 meters. The gage height and discharge
were taken from the USGS water data site and recorded as 4.92 ft and 65.1 ft3/s, respectively.
The mussel measurements were calculated as an average per species with the largest species
being the yellow sandshell and the smallest species being the Texas pigtoe (Table 1). The
flowrates at each location a mussel was collected showed that the yellow sandshell and texas
pigtoe preferred a lower flowrate than the pistolgrip and bluefer (F= 2.92, p=0.059, df=3) (Figure
4).

Research Question 1: Are tissue and shell coloration of some mussels related to the algae
(pigments) they are utilizing as a food resource?

A total of 280 18S rDNA Amplified Sequence Variants (ASVs) were identified from the
samples after filtering out Unionoids. Within this dataset, the alpha diversity analysis showed no

20

significant differences in the diversity richness between the four mussel species and eDNA,
indicating that no group has more or less diversity within it. The beta diversity analysis showed
that the diversity of the eDNA is significantly different than the Texas pigtoe, pistolgrip, and
yellow sandshell (Table 2). It also showed that the diversity of the bluefer and Texas pigtoe is
significantly different and the diversity of the bluefer and yellow sandshell are also significantly
different (Table 2). The differential abundance analysis showed only two ASVs that are
significantly more abundant in one group over the others. The first ASV was taxonomically
assigned only to the domain level (Eukarya) and the second ASV was assigned to the genus
Cyclotella (diatom). The first ASV was significantly more abundant in the eDNA samples (W=
528, p<0.05) and was not found at all in the mussel samples. The second ASV was significantly
more abundant in the eDNA samples (W=253, p<0.05) than the bluefer samples. It was not
found in the other three mussel species samples.

The chloroplast 16S data had a total of 292 different ASVs throughout all the samples
after filtering the data for chloroplast 16S sequences. The alpha diversity analysis showed that
the richness diversity in the pistolgrip is significantly different than in the yellow sandshell (H=
5.03, p=0.025, df=11), with no other significant results. The beta diversity analysis showed that
the diversity of the eDNA is significantly different than the Texas pigtoe, the pistolgrip, and the
yellow sandshell (Table 3). The differential abundance analysis showed only one ASV that is
significantly more abundant in one group over the others. The ASV was taxonomically
unassigned, and it was found significantly more abundant in the eDNA samples (W=170,
p<0.05). The ASV was found in lower abundance in the bluefer and Texas pigtoe samples, but
not found in the yellow sandshell or pistolgrip samples.

21

Research Question 2: Does shell morphology and habitat preference affect the food resources
that the freshwater mussels are utilizing?

The bacterial 16S data had a total of 3,972 different ASVs throughout all the samples
after filtering out chloroplast and mitochondrial ASVs from the data. The alpha diversity analysis
showed that the richness diversity in the eDNA samples is significantly different than in the
Texas pigtoe and the pistolgrip (Table 4). It also showed that the richness diversity in the eDNA
samples is different than in the bluefer and the yellow sandshell (Table 4). The beta diversity
analysis showed that the diversity of the eDNA is significantly different than the bluefer, Texas
pigtoe, pistolgrip, and yellow sandshell (Table 5). It also showed that the diversity of the Texas
pigtoe and yellow sandshell are significantly different and the diversity of the pistolgrip and
yellow sandshell are significantly different (Table 5).

The differential abundance analysis showed 57 ASVs are significantly more abundant in
one group over the others. One of the ASVs was shown to be found only in the pistolgrip and no
other groups (including eDNA). This ASV was omitted from the differential abundance results
because to the indicator species results show it may be part of the pistolgrip’s microbiome and
not a nutrient resource (see below). The remaining 56 ASV were found in higher abundance in
the eDNA samples, 30 were found in the yellow sandshell samples, 18 in the Texas pigtoe
samples, and 4 in the pistolgrip samples (Figure 5). The 56 ASVs were grouped based on the
taxonomic family assignments. A total of 12 different known families were identified and 7
ASVs were unassigned to a family and labelled as “Unassigned”. The Chi-Squared test found
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that the number of different ASVs in each mussel species was significantly different than the
number found in the other mussel species (p<0.001, df=3).

Indicator species are species that are ecological indicators of community types, habitat
conditions, or environmental changes (De Cáceres et al. 2010). In this study, the indicator
species could signify unique species that are not food resources but instead constitute the
microbiome of each mussel. The indicator species analysis found that 284 bacterial 16S ASVs
are associated to one group, 38 are associated to two groups, and 6 are associated with three
groups. There were 205 indicator species identified for eDNA, 28 for Texas pigtoe, 25 for yellow
sandshell, 20 for pistolgrip, and 7 for bluefer (Table 6). This data was compared with the
significant differential abundance results and showed that all the significant differential abundant
ASVs are also indicator species for the eDNA, except for the ASV found solely in the pistolgrip
from the differential abundant analysis. This ASV was shown as an indicator species for the
pistolgrip (p<0.001), suggesting that it was part of the pistolgrip’s microbiome, and likely not a
food resource.
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Chapter Four:

Discussion

Freshwater mussels can be labeled as omnivores having a varying diet that changes
depending on their habitat and the food resources that are available (Vaughn 2017). Two main
resources that are utilized by mussels are algae and bacteria (Vaughn 2017). It has been
presented in other studies that although algae play a huge role in mussel diets in river and lake
habitats, bacteria can be just as important in the diet of mussels in riverine systems (Fogelman et
el. 2022). The mussel species in this study were found to mainly utilize bacteria as a food source.
The 18S and chloroplast 16S data only had about 572 different ASVs including the eDNA, while
the bacterial 16S data had 3,972, including the eDNA, meaning there was a lot more bacteria
found to be available to the mussel than algae. One reason, other than sampling in a riverine
system, for finding a vastly higher number of bacteria than algae in the samples could be because
of the time of year the sampling took place. The growth rate of algae typically increases as the
temperature increases with ideal temperatures being between 20°C and 30°C (Singh and Singh
2015). Sampling was done on September 25th when the water temperature was recorded at 23°C,
on the lower end of the optimal temperature for algae growth. The sampling date was right on the
transition from summer to the fall season and most algae species have shown to be influenced by
seasonal changes (Fogelman et al. 2022). This supports the idea that when sampling took place
(fall), there was less algae available than there would have been at an earlier sample date
(summer). The turbidity also affects the presence of algal species in the river system (Brown
1984). When turbidity is higher, there is a decrease in the amount of light that can pass through
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the water, which then decreases the amount of algal growth (Brown 1984; Knowlton and Jones
1996). Al-Obaidi (2009) determined that the turbidity in a riverine system should between 2 and
5 NTU for algae. On the day of sampling, the turbidity of the water at the mussel bed was
recorded at 40.3 NTU, which could be the reason there was a very limited number of algae in the
samples.

In all the datasets, the beta diversity between the eDNA samples and the mussel samples
was found to be significantly different, showing that the composition of the bacteria in the eDNA
samples (environment) is different than the composition of the bacteria in the mussels (Table 2,
Table 3, Table 4, Table 5). This supports the idea that the mussels are not utilizing everything
that is available to them (everything in the eDNA), and they are selectively consuming particles
as food resources.

The eukaryotic 18S data and the chloroplast 16S data were used to answer the first
research question: Are the colorization of the Texas pigtoe and bluefer affected by the pigments
of the algae they are consuming? From the 18S data, one ASV, shown to be a diatom in the
genus Cyclotella, was found significantly abundant in the bluefer. Diatoms contain chlorophyll a,
chlorophyll b, and fucoxanthin, giving them a brown color (Büchel 2019). After further research,
there was no correlation found between the diatom and the purple colorization of the bluefer
shell. From the chloroplast 16S data, the one ASV was found significantly abundant in the Texas
pigtoe, and bluefer which was unassigned. Using NCBI Blast: Nucleotide Sequence (U.S.
National Library of Medicine, n.d.) we classified it as Skeletonema pseudocostatum, also a
diatom. Fucoxanthin (found in diatoms) has an orange color pigment, indicating it may be
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causing the orange coloring in the tissue of the Texas pigtoe (Arora and Philippidis 2020). To be
able to fully investigate the relationship between algal pigments and mussel colorization, more
samples need to be taken at peak algal bloom season.

The 16S bacterial data was used to answer the second research question: Does shell
morphology and habitat preference affect the food resources that the freshwater mussels are
utilizing? The shell morphology of the different species of mussels may be indicative of their
habitat preference (Goodding et al. 2019). The yellow sandshell and the pistolgrip have
completely different shell morphologies: unsculptured and sculptured, respectively (Howells
2014). The texture on the outside of the shell of these two mussels is what could be pushing them
to be habitat specialists or generalists. The yellow sandshell is unsculptured, meaning it lacks any
texture on the outside of its shell and is completely smooth (Howells 2014). This smooth shell
allows it to burrow and move relatively quickly to and from different microhabitats (Goodding et
al. 2019). In a study by Goodding et al. (2019), the yellow sandshell was shown to have no
association with specific environmental variables, suggesting it is a habitat generalist. The
pistolgrip is sculptured, meaning the outside of the shell is textured with tubercles, pustules, and
flutings (Howells 2014). The textured shell allows for the mussel to anchor in the sediment,
staying in one place, even at high water flow velocities (Goodding et al. 2019). In the study by
Goodding et al. (2019), the pistolgrip was shown to be associated with higher flow
environments, indicating that it is a habitat specialist and does not typically leave its preferred
microhabitat where it thrives. The data presented here supports the results of the Gooding et al.
(2019) study because the yellow sandshell and pistolgrip were also found in locations with
different flow rates (Figure 5), further supporting the idea that the shell morphology of the
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yellow sandshell (unsculptured) and the pistolgrip (sculptured) determines where in the mussel
bed these species thrive, making them a habitat generalist or a habitat specialist.

The diversity of bacteria found in the stomach contents of the mussels supports the idea
of specialists and generalists. The yellow sandshell and the pistolgrip were found to have a
significantly different composition of bacteria in the contents of their stomachs (Table 5). This
indicates that these two mussel species are utilizing different resources from the water column as
a food source. Generalist species can thrive in more than one habitat, moving from one to the
other and being exposed to different food sources than if they were to stay in one place
(Hamilton et al. 1997). Specialist species typically stay and thrive in one habitat, limiting their
ability to be exposed to different food sources (Hamilton et al. 1997). Because the yellow
sandshell and the pistolgrip had different bacterial compositions in their stomach, it can be said
that one may be a food resource specialist and one may be a food resource generalist. The
differential abundance data also supports the notion that the yellow sandshell is the generalist
and the pistolgrip is the specialist. Figure 6 shows that the yellow sandshell had about 30
different bacteria in its stomach, while the pistolgrip only had four. The yellow sandshell having
a much more diverse bacterial composition in the stomach is most likely because it is moving
around from microhabitat to microhabitat within the mussel bed, being exposed to more bacteria
it can take in and utilize. The pistolgrip is most likely staying in one microhabitat within the
mussel bed, accounting for the very low number of different bacteria in its stomach. It can also
be seen that two of the bacteria families, Saprospiraceae and Ilumatobacteraceae, were found in
both the yellow sandshell and the pistolgrip, indicating that the yellow sandshell could be sharing
a microhabitat with the pistolgrip at some point, driving home that idea that the yellow sandshell
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is moving all over the mussel bed, utilizing the resources from all microhabitats, while the
pistolgrip is staying in one location with a limited variety of bacteria (Figure 6). The data from
this study and from Gooding et al.’s (2019) study can further confirm that the habitat and food
preference of the pistolgrip and yellow sandshell results in them being a specialist and generalist
species, respectively.
Gause’s law states that two species cannot occupy the same ecological niche at the same
time and place (Savage 1958). Freshwater mussels are organisms that test this law because many
different species can live in one multispecies assemblage (Goodding et al. 2019). Our study
supports that the pistolgrip and yellow sandshell follow Gause’s law because they are species in
the same mussel bed; however, they are partitioning the available resources. This could be
explained by competition-colonization trade off. The competition-colonization trade off model
suggests that two species can coexist if there is a trade-off between the two where one is better at
competing and the other is good at colonizing (Calcagno et al. 2006). In other words, two species
can coexist if one thrives in a large range of habitats (generalist) and the other thrives in specific
habitats they are adapted to (specialists) (Büchi and Vuilleumier 2014). In our study, the
pistolgrip displays strength in colonizing as a specialist and the yellow sandshell displays
strength in competition as a generalist. The habitat preference of these two species further
supports the idea that they are food resource specialists and generalists. The pistolgrip is taking
in a low diversity of different bacteria, making it a food resource specialist (Figure 5). The
yellow sandshell is taking in a high diversity of different bacteria, making it a food resource
generalist (Table 5). Because these species are differentiating/partitioning the food resources
they are consuming, they are not competing for the food resources, therefore, they are not fully
occupying the same niche. As Figure 5 indicates, there may be a generalist to specialist gradient
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among freshwater mussels occupying the same mussel bed. Therefore, while there is overlap in
habitat preference and food resource preference, each mussel species do not have identical
ecological niches (Savage 1958).
The Texas pigtoe and the yellow sandshell also showed to have a significantly different
composition of bacteria in their stomach (Table 5). Although these two species are both
described as unsculptured (Howells 2014) and found in relatively the same flow rates (Figure 5),
the reason they could be taking in different bacteria could be because of their size difference.
The average size of the yellow sandshell was recorded to be much larger than the average of the
Texas pigtoe (Table 1). Galbraith et al. (2009) studied the gill morphology among different
mussel species. They specifically compared the total gill surface area, the density of laterofrontal cirri and the number of cilia per cirral plate in four different freshwater mussel species
(Galbraith et al. 2009). They found that the gill morphology and size was different between
species, indicating that it may be a cause for different species taking in different food particles
(Galbraith et al. 2009). This could be the case with the yellow sandshell and Texas pigtoe from
our study. The Texas pigtoe may have much smaller gills in proportion with their body size
compared to the yellow sandshell having much larger gills, suggesting that the Texas pigtoe is
utilizing smaller bacteria and the yellow sandshell is utilizing larger bacteria. The yellow
sandshell could also have a gill morphology that allows them to trap more food. The data from
this study can only suggest this trend and further studies need to be done on these species to
further indicate if the gill morphology is affecting the types of bacteria the different species of
mussels are utilizing.
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Along with our study and looking at the difference in the species’ gill morphology,
another way to determine the food resources they are using is by using their stable isotope
labelled food resources (Fogelman et al. 2022). The diet of organisms can typically be identified
by carbon stable isotopes, nitrogen stable isotopes, and the ratio of carbon nitrogen stable
isotopes (Fogelman et al. 2022). We can gain intel on what the organisms are feeding on by
comparing the naturally occurring stable isotopes in organisms to the non-naturally occurring
(Fogelman et al. 2022). To identify specific species the mussels are consuming, bacteria and
algae needs to be identified and isolated, given a type of stable isotope, then fed to the mussels in
a laboratory setting. The mussel tissue can then be examined to determine which species of
bacteria and algae they are consuming and digesting. This is something we need to further
investigate with the four mussel species from this study to truly identify their food resources.

Mussels are important organisms in all water systems and the conservation freshwater
mussel species should be a top priority for conservation ecologists (Goodding et al. 2019). In
Smith County in East Texas, a poultry processing facility, Sanderson Farms, could play a huge
role in altering the Sabine River. This facility was granted a permit in December of 2017
authorizing the treatment and discharge of wastes directly into the Sabine River (EPA I.D. No.
TX0137740). Although the permit requires the waste to be treated before entering the Sabine
River, it only has restrictions on certain pollutants, with phosphorus not being one of them (EPA
I.D. No. TX0137740). Phosphorus is a nutrient that can greatly increase bacteria and algae
growth in water (Smith and Prairie 2004). Along with phosphorus potentially increasing bacteria
growth in the river, the waste could also contain harmful bacteria found in chicken populations
that is being deposited into the Sabine River. This study is a first to look into how the mussels in

30

the Sabine River are managing the water quality after Sanderson Farms implemented the waste
drainage into the Sabine River. The results of this study show that different mussel species are
utilizing different bacterial species and filtering them out of the water. Now that we know this,
we can implement more conservation efforts to all mussel species in the Sabine, not just the
endangered ones because they are all contributing to the health of our waterways (taking
different bacteria out of the water). With this information, future studies could focus directly on
the specific bacterial species coming from the poultry processing facility and comparing them to
the bacterial species the mussels are utilizing from the water. Freshwater mussels are very
important components in our water systems and becoming more knowledgeable about their
feeding mechanisms is crucial in increasing conservation efforts.
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Appendix A. Tables

Species

Shell Height (mm)

Shell Width (mm)

Shell Length (mm)

Yellow Sandshell

48.17

35.67

103

Texas Pigtoe

30

22.67

41.33

Bluefer

79.33

53.5

131.67

Pistolgrip

64.17

42

102.67

Table 1: Average shell height, shell width, and shell length in millimeters for each of the four
studied mussel species: Lampsilis teres (yellow sandshell), Fusconaia askewi (Texas pigtoe),
Potamilis purpuratus (bluefer), and Tritogonia verrucose (pistolgrip).
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Sample Size

Permutations

pseudo-F

p-value

q-value

Group 1
Bluefer

Group 2
eDNA
Texas Pigtoe
Pistolgrip
Yellow Sandshell

11
10
8
11

999
999
999
999

1.727334
2.737620
1.488394
3.214251

0.055
0.050
0.204
0.026

0.091667
0.091667
0.255000
0.065000

eDNA

Texas Pigtoe
Pistolgrip
Yellow Sandshell

11
9
12

999
999
999

6.268229
3.491000
8.314692

0.009
0.017
0.004

0.450000
0.056667
0.040000

Texas Pigtoe

Pistolgrip
Yellow Sandshell

8
11

999
999

1.095597
0.977887

0.371
0.352

0.371000
0.371000

Pistolgrip

Yellow Sandshell

9

999

1.062356

0.167

0.238571

Table 2: Pairwise permanova results from beta diversity analysis (Unweighted UniFrac Distance) of Eukaryotic
18S data between eDNA, Lampsilis teres (yellow sandshell), Fusconaia askewi (Texas pigtoe), Potamilis
purpuratus (bluefer), and Tritogonia verrucose (pistolgrip). The comparison of two group with significantly
different beta diversity are highlighted in yellow (p<0.05) and the groups close to being significantly different are
highlighted in grey (p<0.06).
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Sample Size

Permutations

pseudo-F

p-value

q-value

Group 1

Group 2

Bluefer

eDNA

12

999

1.409890

0.144

0.298000

Texas Pigtoe

12

999

1.290632

0.149

0.298000

Pistolgrip

12

999

0.799025

0.795

0.795000

Yellow Sandshell

12

999

0.874871

0.581

0.645556

Texas Pigtoe

12

999

2.294495

0.007

0.070000

Pistolgrip

12

999

1.639965

0.025

0.093333

Yellow Sandshell

12

999

1.756144

0.028

0.093333

Pistolgrip

12

999

1.176261

0.300

0.441429

Yellow Sandshell

12

999

1.133772

0.309

0.441429

Yellow Sandshell

12

999

0.902494

0.563

0.645556

eDNA

Texas Pigtoe

Pistolgrip

Table 3: Pairwise permanova results from beta diversity analysis (Unweighted UniFrac Distance) of chloroplast 16S
data between eDNA, Lampsilis teres (yellow sandshell), Fusconaia askewi (Texas pigtoe), Potamilis purpuratus
(bluefer), and Tritogonia verrucose (pistolgrip). The comparison of two group with significantly different beta diversity
are highlighted in yellow (p<0.05).
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H

p-value

q-value

Group 1
Bluefer

Group 2
eDNA
Texas Pigtoe
Pistolgrip
Yellow Sandshell

3.692308
0.102564
0.102564
0.410256

0.054664
0.748774
0.748774
0.521839

0.136660
0.831971
0.831971
0.745485

eDNA

Texas Pigtoe
Pistolgrip
Yellow Sandshell

8.307692
8.307692
3.692308

0.003948
0.003948
0.054664

0.019739
0.019739
0.136660

Texas Pigtoe

Pistolgrip
Yellow Sandshell

0.923077
0.025641

0.336668
0.872780

0.673337
0.872780

Pistolgrip

Yellow Sandshell

0.641026

0.423340

0.705566

Table 4: Pairwise Kruskal-Wallis results from the alpha diversity analysis (Faith’s Phylogenetic Diversity) of Bacterial
16S data between eDNA, Lampsilis teres (yellow sandshell), Fusconaia askewi (Texas pigtoe), Potamilis purpuratus
(bluefer), and Tritogonia verrucose (pistolgrip). The comparison of two group with significantly different beta diversity
are highlighted in yellow (p<0.05) and the groups low p-values are highlighted in grey (p<0.06).
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Sample Size

Permutations

pseudo-F

p-value

Group 2
eDNA

12

999

3.637614

0.002

0.015000

Texas Pigtoe
Pistolgrip

12
12

999
999

1.417116
1.587998

0.120
0.097

0.133333
0.121250

Yellow Sandshell

12

999

1.258107

0.158

0.158000

eDNA

Texas Pigtoe
Pistolgrip
Yellow Sandshell

12
12
12

999
999
999

5.144992
5.76603
3.912751

0.007
0.003
0.005

0.017500
0.015000
0.016667

Texas Pigtoe

Pistolgrip

12

999

2.017375

0.058

0.082857

Yellow Sandshell

12

999

1.887129

0.036

0.060000

Yellow Sandshell

12

999

1.953347

0.030

0.060000

Group 1
Bluefer

Pistolgrip

q-value

Table 5: Pairwise permanova results from beta diversity analysis (Unweighted UniFrac Distance) of Bacterial 16S data
between eDNA, Lampsilis teres (yellow sandshell), Fusconaia askewi (Texas pigtoe), Potamilis purpuratus (bluefer),
and Tritogonia verrucose (pistolgrip). The comparison of two group with significantly different beta diversity are
highlighted in yellow (p<0.05).
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Bacteria Classfication

IndVal

Indicator species for bluefer
d__Bacteria; p__Bacteroidota; c__Bacteroidia; o__Flavobacteriales;
f__Flavobacteriaceae; g__uncultured; s__uncultured_prokaryote
d__Bacteria; p__Firmicutes; c__Bacilli; o__Brevibacillales; f__Brevibacillaceae;
g__Brevibacillus; s__Brevibacillus_thermoruber
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__uncultured; s__uncultured_bacterium
d__Bacteria; p__Bdellovibrionota; c__Oligoflexia; o__Oligoflexales;
f__uncultured; g__uncultured
d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Burkholderiales; f__Rhodocyclaceae
d__Bacteria; p__Planctomycetota; c__Planctomycetes; o__Pirellulales;
f__Pirellulaceae; g__uncultured; s__uncultured_bacterium+A4
d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Burkholderiales; f__Burkholderiaceae; g__Lautropia; s__metagenome
Indicator species for Texas pigtoe
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales;
f__Beijerinckiaceae; g__Methylocystis
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales;
f__Beijerinckiaceae; g__Methylocystis
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__uncultured; s__uncultured_bacterium
d__Bacteria; p__Planctomycetota; c__Planctomycetes; o__Gemmatales;
f__Gemmataceae; g__uncultured; s__bacterium_enrichment
d__Bacteria; p__Planctomycetota; c__Planctomycetes; o__Gemmatales;
f__Gemmataceae; g__uncultured; s__bacterium_enrichment
d__Bacteria; p__Dependentiae; c__Babeliae; o__Babeliales; f__Babeliaceae;
g__Babeliaceae; s__uncultured_bacterium
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Acetobacterales;
f__Acetobacteraceae; g__Roseomonas
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales;
f__Beijerinckiaceae; g__alphaI_cluster
d__Bacteria; p__Planctomycetota; c__Planctomycetes; o__Pirellulales;
f__Pirellulaceae; g__uncultured; s__uncultured_bacterium
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales;
f__Beijerinckiaceae; g__Methylocystis
d__Bacteria; p__Planctomycetota; c__Planctomycetes; o__Pirellulales;
f__Pirellulaceae; g__uncultured; s__uncultured_bacterium
d__Bacteria; p__Planctomycetota; c__Planctomycetes; o__Pirellulales;
f__Pirellulaceae; g__uncultured; s__uncultured_bacterium
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__Mycoplasma
d__Bacteria; p__Cyanobacteria; c__Cyanobacteriia; o__Synechococcales;
f__Cyanobiaceae; g__Cyanobium_PCC-6307; s__bacterium_enrichment
d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Burkholderiales; f__Chromobacteriaceae; g__Vogesella
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__uncultured; s__uncultured_bacterium
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p value

0.76

0.0028

0.598

0.0078

0.582

0.0274

0.573

0.0216

0.547

0.0438

0.513

0.0274

0.502

0.0324

0.826

0.0002

0.754

0.0006

0.738

0.0008

0.709

0.0005

0.697

0.0005

0.676

0.0011

0.674

0.0017

0.67

0.0027

0.661

0.0019

0.657

0.0033

0.656

0.0025

0.656

0.0018

0.609

0.0245

0.605

0.0047

0.604

0.0025

0.595

0.0266

d__Bacteria; p__Planctomycetota; c__Planctomycetes; o__Gemmatales;
f__Gemmataceae; g__uncultured; s__uncultured_bacterium
d__Bacteria; p__SAR324_clade(Marine_group_B);
c__SAR324_clade(Marine_group_B); o__SAR324_clade(Marine_group_B);
f__SAR324_clade(Marine_group_B); g__SAR324_clade(Marine_group_B);
s__uncultured_bacterium
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__uncultured; s__uncultured_bacterium
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__uncultured; s__uncultured_bacterium
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales;
f__Rhizobiales_Incertae_Sedis; g__uncultured
d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Methylococcales; f__Methylococcaceae; g__uncultured;
s__uncultured_Methylocaldum
d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Legionellales;
f__Legionellaceae; g__Legionella; s__uncultured_bacterium
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales;
f__Beijerinckiaceae
d__Bacteria; p__Verrucomicrobiota; c__Chlamydiae; o__Chlamydiales;
f__Parachlamydiaceae; g__Neochlamydia; s__metagenome
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__uncultured; s__uncultured_bacterium

0.582

0.0136

0.575

0.0122

0.57

0.0006

0.559

0.0266

0.558

0.0475

0.557

0.023

0.555

0.0266

0.551

0.0239

0.544

0.0251

0.543

0.0266

0.537

0.0004

0.524

0.0325

d__Bacteria

0.699

0.0036

d__Bacteria

0.665

0.0251

Unassigned

0.658

0.0245

d__Bacteria
d__Bacteria; p__Planctomycetota; c__Planctomycetes; o__Pirellulales;
f__Pirellulaceae; g__uncultured; s__uncultured_bacterium
Indicator species for pistolgrip

d__Bacteria
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__uncultured; s__uncultured_bacterium

0.65

0.0036

0.637

0.0051

d__Bacteria

0.611

0.0245

d__Bacteria

0.605

0.0005

d__Bacteria

0.591

0.0268

d__Bacteria

0.567

0.0264

0.56

0.0251

0.555

0.0233

0.552

0.0036

0.545

0.0241

0.543

0.0237

0.525

0.0251

d__Bacteria
d__Bacteria; p__Cyanobacteria; c__Cyanobacteriia; o__Synechococcales;
f__Cyanobiaceae; g__Cyanobium_PCC-6307
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__Mycoplasma
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__Mycoplasma; s__uncultured_bacterium
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__Mycoplasma
d__Bacteria
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d__Bacteria
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales;
f__uncultured; g__uncultured; s__uncultured_organism
d__Bacteria; p__Bacteroidota; c__Bacteroidia; o__Chitinophagales;
f__Saprospiraceae; g__uncultured; s__uncultured_bacterium
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__Mycoplasma; s__uncultured_bacterium
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__Mycoplasma
Indicator species for yellow sandshell
d__Bacteria; p__Verrucomicrobiota; c__Verrucomicrobiae; o__Pedosphaerales;
f__Pedosphaeraceae; g__SH3-11; s__uncultured_Verrucomicrobia
d__Bacteria; p__Bacteroidota; c__Bacteroidia; o__Chitinophagales;
f__Chitinophagaceae; g__Dinghuibacter; s__uncultured_prokaryote
d__Bacteria; p__Verrucomicrobiota; c__Verrucomicrobiae; o__uncultured;
f__uncultured; g__uncultured; s__metagenome
d__Bacteria; p__Myxococcota; c__Myxococcia; o__Myxococcales;
f__Anaeromyxobacteraceae; g__Anaeromyxobacter
d__Bacteria; p__Actinobacteriota; c__Acidimicrobiia; o__IMCC26256;
f__IMCC26256; g__IMCC26256; s__uncultured_soil
d__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae;
g__Bacillus
d__Bacteria; p__Desulfobacterota; c__Desulfobacteria; o__Desulfobacterales;
f__Desulfosarcinaceae; g__Sva0081_sediment_group
d__Bacteria; p__Verrucomicrobiota; c__Verrucomicrobiae; o__uncultured;
f__uncultured; g__uncultured; s__metagenome
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__uncultured; s__uncultured_bacterium
d__Bacteria; p__Verrucomicrobiota; c__Verrucomicrobiae;
o__Verrucomicrobiales; f__DEV007; g__DEV007;
s__uncultured_Verrucomicrobiales
d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Burkholderiales; f__Rhodocyclaceae; g__uncultured
d__Bacteria; p__Nitrospirota; c__Nitrospiria; o__Nitrospirales;
f__Nitrospiraceae; g__Nitrospira; s__uncultured_organism
d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Burkholderiales; f__Nitrosomonadaceae; g__uncultured; s__metagenome
d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Burkholderiales; f__Sutterellaceae; g__uncultured
d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Burkholderiales; f__Sutterellaceae; g__AAP99
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Kiloniellales;
f__Fodinicurvataceae; g__uncultured; s__uncultured_bacterium
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales;
f__Xanthobacteraceae
d__Bacteria; p__Bacteroidota; c__Bacteroidia
d__Bacteria; p__Actinobacteriota; c__Actinobacteria; o__PeM15; f__PeM15;
g__PeM15
d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__Mycoplasma; s__uncultured_bacterium
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria;
o__Sphingomonadales; f__Sphingomonadaceae; g__Novosphingobium
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0.525

0.0245

0.512

0.0237

0.486

0.0257

0.458

0.001

0.405

0.0001

0.661

0.0069

0.652

0.0247

0.641

0.0036

0.613

0.0222

0.592

0.0222

0.575

0.0228

0.572

0.0272

0.568

0.0457

0.567

0.0228

0.547

0.0439

0.544

0.0492

0.543

0.0291

0.541

0.049

0.539

0.0324

0.523

0.0375

0.521

0.0302

0.519

0.0493

0.514

0.0482

0.511

0.0399

0.505

0.0021

0.478

0.0457

d__Bacteria; p__Firmicutes; c__Bacilli; o__Mycoplasmatales;
f__Mycoplasmataceae; g__Mycoplasma
d__Bacteria; p__Proteobacteria; c__Alphaproteobacteria;
o__Paracaedibacterales; f__Paracaedibacteraceae
d__Bacteria; p__Spirochaetota; c__Spirochaetia; o__Spirochaetales;
f__Spirochaetaceae; g__Treponema

0.477

0.0021

0.449

0.0242

0.437

0.0256

Table 6: Indicator species analysis results for bacterial 16S data. The bacteria that is significantly
classified as an indicator species is listed for each mussel species (p<0.05).
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Appendix B. Figures

Figure 1: An example of a [A] sculptured mussel, the pistolgrip, and [B] an unsculptured mussel,
the yellow sandshell.
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Figure 2: Example of shell colorization in the bluefer (A) and tissue colorization in the Texas
pigtoe (B).
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Figure 3: Location of the mussel bed where sampling took place. Sampling took place at a
mussel bed off HW-14 in the Sabine River in East Texas.
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Figure 4: Alpha rarefaction plot for eukaryotic 18S data used to determine the sampling depth of
65 for the diversity analyses.
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Figure 5: Alpha rarefaction plot for chloroplast 16S data used to determine the sampling depth of
1200 for the diversity analyses.
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Figure 6: Alpha rarefaction plot for bacterial 16S data used to determine the sampling depth of
2400 for the diversity analyses.
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Figure 7: ANOVA test results comparing the mean water flow rates at the areas each species of
mussel was collected from in the Sabine River. The bluefer and pistolgrip were found at
locations with a significantly higher flow rate than where the yellow sandshell and Texas pigtoe
were found (f=2.92, p=0.059, df=3).
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Figure 8: Significant differential abundant bacterial 16S sequences found in each of the five
samples (eDNA, yellow sandshell, bluefer, Texas pigtoe, and pistolgrip). Sequences are broken
down into taxonomically assigned families. All sequences that were only assigned to Order are
labelled as “Unassigned” for family.
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